Adenine phosphoribosyltransferase (APRT) deficiency in humans is an autosomal recessive syndrome characterized by the urinary excretion of adenine and the highly insoluble compound 2,8-dihydroxyadenine (DHA) that can produce kidney stones or renal failure. Targeted homologous recombination in embryonic stem cells was used to produce mice that lack APRT. Mice homozygous for a null Aprt allele excrete adenine and DHA crystals in the urine. Renal histopathology showed extensive tubular dilation, inflammation, necrosis, and fibrosis that varied in severity between different mouse backgrounds. Thus, biochemical and histological changes in these mice mimic the human disease and provide a suitable model of human hereditary nephrolithiasis.
Adenine phosphoribosyltransferase (APRT; EC 2.4.2.7) is a ubiquitously expressed enzyme that catalyzes the synthesis of adenosine monophosphate from adenine and 5-phosphoribosyl-1-pyrophosphate (1) . Adenine is produced endogenously as a by-product of the polyamine pathway and by the reaction of adenosine with S-adenosylhomocysteine hydrolase (2, 3) . In the absence of functional APRT, adenine is oxidized by xanthine dehydrogenase (XDH; EC 1.2.3.2), by an 8-hydroxy intermediate, to 2, 8 -dihydroxyadenine (DHA) (4) . The sparingly soluble nature of DHA at the normal pH of human urine (5) results in the excretion of DHA crystals in the urine and, frequently, the deposition of DHA stones in the kidneys. Adenine, which is not normally found in the urine at detectable levels, is also excreted.
Clinical symptoms of APRT deficiency vary from benign to life-threatening and may be present from birth or have onset late in life (reviewed in ref. 1) . Symptoms include crystalluria, colic, hematuria, dysuria, recurrent urinary tract infections, and kidney stones. Some patients may progress to acute or chronic renal failure, necessitating maintenance dialysis or kidney transplant(s) (6, 7) . All other biochemical and hematological parameters in APRT-deficient patients appear to be normal.
APRT deficiency is inherited in an autosomal recessive manner, consistent with the localization of the single-copy gene to 16q24 (8) . Heterozygous carriers are usually unaffected, although one affected heterozygous male has been reported (9) . The frequency of heterozygosity for APRT deficiency has been estimated by several studies to be 0.4-1.2% (10) (11) (12) . This estimate suggests that a much larger population of homozygous individuals exists than the -100 patients that have been identified in the North American, European and Middle Eastern populations. It has been suggested that asymptomatic and misdiagnosed patients may account for some of the unidentified homozygotes and/or that APRT deficiency may sometimes be lethal in utero (1, 13) .
Characterization of the natural course and clinical variation of APRT deficiency has been extremely difficult because of a lack of readily accessible affected individuals and their families. Although studies of animals and humans treated with adenine or DHA (14) (15) (16) (17) have provided some useful information, they do little to address the questions posed by the chronic adenine excess and DHA production seen in hereditary APRT deficiency. Therefore, we generated an APRT-deficient mouse via targeted homologous recombination in mouse embryonic stem (ES) cells. D3 ES cells (18) derived from strain 129/Sv mice were cultured on mitomycin C-treated embryonic fibroblast feeder layers or on gelatin-coated dishes in Buffalo rat liver (BRL)-conditioned or leukemia inhibitory factor (LIF)-supplemented medium, essentially as described (19) . LIF was from Life Technologies (Grand Island, NY). Exponentially growing ES cells (3 x 106 or 5 x 106) were resuspended in 1 ml of electroporation buffer (20 mM Hepes, pH 7.05/137 mM NaCl/5 mM KCl/0.7 mM Na2HPO4/6 mM glucose/i mg/ml bovine serum albumin/0.1 mM l3-mercaptoethanol) containing 10 ,g of the targeting vector (MBSF18) linearized at a unique SspI site in the pUC19 vector. Electroporation was performed in a Cell-Porater (Life Technologies) at 200 V, 1180 ,uF, at room temperature. Cellswere incubated for 10 min at room temperature before reseeding on 10-cm gelatin-coated culture dishes at a density of 3 x 105 or 5 x 105 cells per dish in BRL-conditioned or LIF-supplemented medium. G418 selection (200 units/ml; Life Technologies) was begun 48 hr after electroporation and ganciclovir selection (0.2 mM; courtesy of Syntex, Palo Alto, CA) was begun 96 hr after electroporation. After 7-10 days, colonies were isolated and expanded for 2-4 days in gelatin-coated 24-well dishes containing BRL-conditioned or LIF-supplemented medium. One-half of the cells were frozen, and the other half was expanded for DNA isolation.
MATERIALS AND METHODS
Microinjection of ES cell into blastocysts was performed essentially as described (20) . Blastocysts were collected from C57BL/6J females at 3 days post coitum, injected with 10-15 targeted ES cells (MBSF1837), and reimplanted into pseudopregnant females. Male chimeric mice were mated to either C57BL/6J or Black Swiss females, and offspring were genotyped by Southern hybridization. Heterozygous mice were interbred to produce homozygous mice. Mice bred into a Black Swiss background were maintained in a pathogen-free barrier facility at the University of Cincinnati. Mice bred into a C57BL/6J background were similarly produced and maintained at Indiana University.
Southern Hybridization Analysis. High-molecular-weight genomic DNA was extracted from cell pellets using the method of Mullenbach and coworkers (21) and was extracted from mouse tails as described by Hogan and coworkers (20) . Electrophoresis, and Southern blotting and hybridization were performed as previously described (22) (25) , MBSF18, was constructed from 5.6 kb of mouse genomic DNA (strain 129/Sv) containing the entire coding sequence of Aprt (Fig. 1 ). When this vector was electroporated into ES cells, 11 of 279 (3.9%) G418/gancyclovirresistant clones contained one endogenous and one correctly targeted Aprt allele as determined by Southern hybridization analysis ofEcoRI-or BstEII-digested genomic DNA using probes 1, 2, and 3 (data not shown). Chimeric mice were produced by blastocyst injection (20) using one D3 ES cell clone, MBSF1837. Chimeric male mice were mated to either wild-type Black Swiss or C57BL/6J mice. Offspring generated from ES cell-derived sperm were tested for heterozygosity by Southern hybridization. Heterozygous mice, which all appeared phenotypically normal and healthy at 6 weeks of age, were sib-mated to produce homozygous mice. Black Swiss and C57BL/6J heterozygous mice were maintained at separate animal facilities and bred only with heterozygous animals of the same genetic background. Southern hybridization analysis was used to confirm the generation of homozygous mutant mice (Fig. 2) .
Offspring of heterozygous mating pairs (239, 137 males and 102 females) were genotyped at 3-6 weeks of age. Of these, 27% was wild-type, 54% was heterozygous, and 19% was homozygous for the disrupted allele. Xz analysis indicates that the deviation from the expected values is only marginally significant (P < 0.05). APRT Therefore, it is unlikely that APRT deficiency in mice is significantly lethal either in utero or before weaning. To determine whether mice homozygous for the disruptedAprt allele express any residual enzyme activity, APRT activity was assayed in erythrocyte lysates and liver extracts from wild-type, heterozygous, and homozygous mutant mice (Table 1) . Homozygous mutant mice exhibit <1% of wild-type activity in both tissues. The disrupted Aprt, therefore, is a true null allele.
Heterozygous mice exhibit -32% and -22% of wild-type APRT activity in erythrocyte lysates and liver extracts, respectively. These values seem to support the hypothesis that only the APRT dimer composed of two wild-type subunits is stable and/or functional, and that all other dimer combinations are unstable and/or nonfunctional (26) . Since the targeting vector was designed to produce a carboxyl-truncated protein, reverse transcription/PCR amplification was performed to confirm that a functional Aprt message was not transcribed from the neodisrupted allele. Total RNA from D3, MBSF1837, wild-type, and heterozygous liver and lung tissues yielded the expected 3' amplification product. Neither liver nor lung RNA from homozygous mutant mice produced the wild-type 3' fragment or a fragment corresponding to any aberrantAprt-neo fusion mRNA (data not shown). This result suggests that the APRT mRNA is either truncated at the neo insertion site or that an Aprt-neo fusion message is unstable. If a fusion message is unstable, it is unlikely that enough of the mutant APRT subunit is present to form even an unstable dimer with the wild-type subunit. Thus, one would predict 50% of wild-type activity. The fact that only -25% ofwild-type activity is detected in heterozygous mice suggests that the region involved in subunit dimerization is found in the aminoterminal end of the APRT protein or that other factors are modifying the activity of the remaining APRT enzyme.
Hypoxanthine phosphoribosyltransferase (HPRT) activity was also assayed in erythrocyte lysates of the same mice (data not shown). There is no statistically significant difference between the mean levels of HPRT activity in mice of all three genotypes. This suggests that HPRT activity is not affected by absent or reduced APRT activity. This is in contrast to human HPRT deficiency in which APRT activity in erythrocyte lysates is generally higher than in controls (27) .
Characterization of APRT-Deficient Mice. Homozygous mutant mice are usuallyvisually indistinguishable from wild-type and heterozygous littermates before weaning. There are no obvious anatomical defects or behavioral abnormalities. The APRTdeficient mice occasionally have a slightly reduced size and weight when compared with wild-type and heterozygous littermates, but this finding is inconsistent and often disappears as the mouse ages. All APRT-deficient mice excrete larger than normal volumes of colorless to pale yellow urine.
After weaning, the health of -35% (22 of 63 mice) of the APRT-deficient mice deteriorates. These mice lose weight and develop a disheveled appearance and hunched posture. Although overtly sick mice may improve briefly, thus far the outcome has been inevitably fatal. Males (16 of 22 mice) are three times more likely to develop these symptoms and die prematurely than females. APRT-deficient mice bred into a C57BL/6J background develop signs of overt illness earlier (3-4 weeks vs. 3-4 months) and die earlier (an average of 75 days vs. an average of 180 days) heterozygous mice did not excrete adenine or DHA (Table 2) . DHA crystals, however, were found in the urine of APRTdeficient mice (Fig. 3) . Total urinary adenine metabolites (adenine plus DHA, 1.00 ± 0.31 mmol/mmol of creatinine) excreted by the Black Swiss homozygous mutant mice are similar to those excreted by the C57BL/6J APRT-deficient mice. The proportion of adenine (0.80 ± 0.28 mmol/mmol of creatinine) to DHA (0.20 ± 0.03 mmol/mmol of creatinine) excreted, however, is significantly different. The Black Swiss APRT-deficient mice excrete predominantly adenine, which is much more soluble in urine (28) and, consequently, much less deleterious than DHA. Amounts of urinary hypoxanthine, xanthine, and pseudouridine were similar in all three genotypes ( Table 2 ). Amounts of uric acid and uracil were decreased in APRT-deficient mice compared with wild-type or heterozygous mice.
Histopathological Examination of APRT-Deficient Mice. APRT-deficient mice bred into a Black Swiss background were examined beginning at 4 weeks of age. Their kidneys exhibited mild to moderate inflammation and some DHA crystal deposition. By 18-24 weeks of age, parenchymal damage had progressed in severity (Fig. 4) . Both intracellular and intratubular crystal formation was noted. Rays of tubular necrosis and regeneration surrounded areas of crystal formation. In some animals, as much as 50-80% of the kidney exhibited severe inflammation and fibrosis of the nephrons. Some (10-20%) of tubules were markedly dilated, but glomeruli, in general, appeared undamaged in both lesioned and normal areas. Both the number and the size of crystals also increased as a function of age, and stones were seen in the renal pelvis, ureter, and urinary bladder. All mice showed signs of proteinaceous material in the lumen of the A B urinary bladder and/or tubules. One mouse exhibited hematuria. Survival of the mice may be related to two factors: the minimal damage to the glomeruli and the apparent cycling of healthy and damaged areas such that the mice are able to regenerate the damaged tubular epithelium. It is likely that death due to renal failure occurs when the damage ultimately exceeds the rate of repair. Lesions observed in other organs were limited to secondary changes. In the spleens of two 22-week-old mice, there were increased numbers of hemosiderin-laden macrophages, indicative of increased erythrocyte hemolysis. Increased hemolysis is characteristic of the uremia associated with renal failure. In addition, one mouse had multifocal apocellular mineralization in the myocardium, which may also be a consequence of the renal disease. No lesions were seen in age-matched wild-type mice. APRT-deficient mice bred into a C57BL/6J background were examined at 6 and 12 weeks of age. These mice showed the same kidney pathology as the Black Swiss mice except that the progression of the interstitial fibrosis was more rapid. At 6 weeks of age, as much as 20-30% of each kidney was inflamed and necrotic, and by 12 weeks of age, as much as 70-80% of each kidney was involved. In moribund mice, the severity of the kidney histopathology correlates well with the observed age at onset of symptoms and the average age of death. contrast to other attempts to use ES cells to produce mouse models of purine metabolic disorders. Mice deficient in HPRT activity, for example, do not exhibit any of the significant characteristics of Lesch-Nyhan syndrome (29, 30) . HPRT, therefore, appears to play a somewhat different role in mouse/ purine homeostasis than it does in humans. Adenosine deaminase, on the other hand, appears to play a more critical role in murine than in human fetal development (31, 32) . Human adenosine deaminase deficiency results in severe combined immunodeficiency disease characterized by the absence of both T and B lymphocytes. Adenosine deaminase-deficient mice, however, have approximately normal numbers of thymocytes but die perinatally from severe liver cell degeneration, which is not seen in the human disorder. The similar phenotype of APRT-deficient mice and humans suggests that the function and importance of APRT are quite similar in mouse and man. This makes the APRT-deficient mouse model particularly useful for understanding the human disease.
As human and mouse APRT deficiencies appear similar in most respects, the observation of the expected number of each genotype from a cross of heterozygous mice suggests that observation of fewer than the expected numbers of APRT-deficient humans, based on the observed population frequency of heterozygotes, may not be a consequence of in utero lethality, as previously hypothesized (1, 13) . Recent studies in which 10,000 or 160,000 kidney stones from two Caucasian populations were analyzed identified only 14 and 3 DHA stones, respectively (33, 34) . Since the frequency of DHA stones was approximately equal to the observed frequency of APRT deficiency in these populations, misdiagnosis, a significant problem in the past, may no longer contribute to the discrepancy between the numbers of expected and identified homozygotes. The remaining alternative is that there is a large population of asymptomatic, homozygous mutant individuals. It has been estimated from surveys of the families of symptomatic APRT-deficient patients that -15% of APRT-deficient individuals are clinically asymptomatic, aside from the excretion of adenine and DHA (1) . In both the C57BL/6J and Black Swiss background mice, only -33% of the homozygous mutant mice die prematurely because of a lack of renal function. Thus, it is possible that the majority of APRTdeficient humans are asymptomatic or only mildly affected. Ascertainment bias could be responsible for the belief that -85% of homozygous mutant humans have overt kidney stone formation.
The observed differences in adenine metabolism in the two genetic backgrounds of APRT-deficient mice suggest that the introduction of the disruptedAprt into inbred mouse strains may elucidate other factors that influence adenine metabolism, stone formation, or kidney function. Phenotypic variation in human APRT deficiency has been well documented (1) . The age at onset and severity of clinical symptoms are known to vary even among siblings who carry the same gene defect(s) (35) . It (38) . Variation in the age at which adult levels of the enzyme activity are attained has also been reported (39, 40 (41) . Total excretion of adenine metabolites is unaffected. This pharmacologic effect may provide a mechanistic clue to the observed differences in the C57BL/6J and Black Swiss APRT-deficient mice.
In addition to the utility of APRT-deficient mice as a model for human APRT deficiency, these mice offer a unique opportunity to study the early changes in kidney function leading to stone formation and renal failure. Kidney stones and renal failure are common clinical disorders associated with significant morbidity (42, 43) . Relatively little is known, however, about the changes that predispose a kidney to develop stones, and current animal models of renal failure induced by acute surgical, pharmacological, or immunological traumas do not mimic renal failure as it typically develops in humans (44) (45) (46) . Results 
